Renal ischaemia-reperfusion injury (IRI) to donor kidneys is also an inevitable consequence of renal transplantation and the resultant organ damage significantly contributes to delayed graft function as well as poorer long-term outcomes [4] . Strategies to protect donor kidneys from ischaemic injury are similarly lacking and are urgently needed to improve both early and late graft function. In this setting, effective treatments could even lead to expansion of the donor pool by improving the outcome for kidneys severely damaged by ischaemia [5] .
Heat-Shock Proteins
Heat-shock proteins (Hsps) are abundant intracellular proteins that are phylogenetically highly conserved. Many Hsps are constitutively expressed and are molecular chaperones, which carefully balance proteostasis through guiding the folding of newly synthesised proteins and regulation of protein translocation. There are several Hsp families each with specific properties that have been well established. Hsps are subdivided into families according to their molecular weight in kilodaltons (kDa). With increasing knowledge, the number of Hsps has greatly expanded resulting in more members being added in the various Hsp families. To enable better classification of Hsps, Kampinga et al. [6] have therefore devised guidelines for the nomenclature of Hsps based on assignments made by the HUGO Gene Nomenclature Committee and used in the National Center of Biotechnology Information Entrez Gene database for the heatshock genes.
The functions of Hsps include chaperoning of client proteins, regulation of protein complex formation, protein trafficking, refolding of denatured proteins, mitochondrial protein folding and assembly, targeting of misfolded proteins for proteasomal degradation, preventing unfolded protein aggregation and inhibiting apoptosis. To fulfil these diverse roles, each Hsp family has unique structural features and domains ( table 1 ) [6, 7] . However, the multifaceted nature of Hsps is increasingly being recognised and various new roles are being appreciated as the level of understanding increases.
Heat-Shock Response
Expression of Hsps can be markedly upregulated by various stressors, including heat, in a process termed the heat-shock response. This promotes cellular survival under stressful conditions, as Hsps are also able to assist with numerous reparative processes including the refolding of denatured proteins and removal of irreparably damaged proteins that would otherwise accumulate and initiate cell death [8] .
Furthermore, a prior heat-shock response may confer cytoprotection from subsequent injuries such as IRI [9] . This cellular capability fits well with the clinical concept of preconditioning, which is the use of an earlier stress treatment in order to confer later protection from a 
Pharmacological Modulation of Hsp Expression
Hsp70 is one of the most frequently studied Hsps because of its potential anti-inflammatory properties and attractiveness as a therapeutic target due to its wide tissue distribution and ability to interact with a multitude of other molecules [11] . Even though Hsp70 is highly inducible, it may not be clinically desirable to generate Hsp70 by a classical heat-shock response involving cellular stressors. In addition, physical preconditioning approaches often involve an additional thermal or ischaemic injury with potential associated negative consequences [5] . An example is renal ischaemic preconditioning, which is thought to confer some of its proposed protection from renal IRI by induction of Hsps but unfortunately depends on time-consuming and often surgeon-dependent intraoperative manoeuvers to be implemented in a clinical environment [5] . Local ischaemic preconditioning is also not directly applicable to the treatment of the various medical causes of AKI such as hypoperfusion and sepsis. In light of this, approaches to induce Hsp70 without the need for preceding cellular stresses have been sought. As such, recent research in this area has begun to focus on pharmacological induction of Hsp70 for potential therapeutic gain. In the setting of renal IRI, protective Hsp70 overexpression strategies have included the use of reagents such as geranylgeranylacetone, glutamine, radicicol, geldanamycin and geldanamycin analogues [reviewed in 5] .
To date, these treatments have been used only in murine models of IRI. The main barrier to the translation of these treatments to clinical use is the lack of mechanistic understanding of how Hsp70 induction results in kidney protection. There is also further uncertainty regarding non-specific mechanisms of protection offered by the various pharmacological therapies used thus far [5] . If these issues could be clarified, then Hsp70-inducing drugs could be developed and further or newer, more highly specific and less toxic medications could be designed.
Hsps and Renal IRI
IRI is a complex event that involves numerous classes of cells and various biological processes such as cell death, microvascular dysfunction, altered transcription and immune activation [12] . Hsps are believed to prevent injury and restore normal cellular function in the kidney following IRI [2] . Indeed, there is a marked increase in renal Hsp expression following renal IRI with Hsp70 gene products showing a 43-fold increase and Hsp27 a 12-fold increase [13] . The impression that Hsps are cytoprotective following renal IRI is reinforced by evidence from a variety of experimental studies [reviewed in 5 ]. Investigations involving Hsp70-/-mice further underpin the importance of Hsp70 in the prevention of renal IRI. Hsp70-/-mice have worse kidney function, tubular injury and survival following renal IRI. The protective effect from renal IRI provided by the Hsp70-inducing agent, geranylgeranylacetone, is also abrogated in Hsp70 knockout mice [14] . Although many of the models adopted have focused on the effect of inducing Hsp70, other strategies have been used to manipulate Hsp responses and protect kidneys from ischaemic damage. These include inhibition of Hsp90, which may mediate protection through induction of Hsp70 or NF-κB deactivation, and selective renal overexpression of Hsp27 [5, [15] [16] [17] .
Despite this potential for cellular protection strategies involving Hsps, it is often unclear which particular function of the multifunctional Hsp molecule is key to reducing the injury and it has been suggested that there may be a combination of effects including: repair of damaged proteins, prevention of unfolded protein aggregation, targeting of damaged protein for degradation, inhibition of apoptosis, cytoskeleton stabilisation and immunological effects upon leukocytes [7] . It is also increasingly recognised that mononuclear phagocytes and lymphocytes, key cells involved in renal IRI, exhibit remarkable plasticity and are capable of both initiating and resolving tissue injury [18] . This raises the additional possibility that Hsp expression could have an important influence over the behaviour of these cell types as well [19, 20] .
Potential Cellular and Molecular Mechanisms of Action of Hsp70
The protective properties of Hsp70 in renal IRI are not fully understood and putative modes of protection include correction of protein conformation, cytoskeletal stabilisation, anti-inflammatory effects, requirement in 
Correction of Protein Conformation
Variations in protein location and abnormal protein folding occur in many kidney diseases and are central components of ischaemic injury [7] . Hsps exhibit complex protective mechanisms that can prevent the formation of non-specific protein aggregates and assist proteins in the acquisition of their native structures [21] . Following cellular injury, Hsps refold damaged proteins, mark irreparably damaged proteins for removal, limit the accumulation of misfolded proteins and aid appropriate folding of nascent proteins [7] . Hsp70 is one of the most highly conserved of these molecular chaperones and its functions encompass regulation of protein transport, prevention of abnormal protein aggregation and resolubilisation of misfolded proteins [10] . Specifically in the injured kidney, Hsps also have a role in the management of protein assembly and stabilisation of multi-protein complexes as well as translocation of proteins to their appropriate intracellular locations [7] .
Intracellular Protection and Cytoskeletal Stabilisation
Hsps protect cell structure and facilitate survival under conditions that would normally be lethal. Following kidney injury, Hsps may be capable of sheltering the cell mitochondria from reactive oxygen species, conserving ATP levels, repairing DNA damage, maintaining tight junction integrity and preventing calcium redistribution within the cell [7] . The actin cytoskeleton is also an integral component of the architecture of cells but cellular stresses can lead to major defects [21] . For instance, following renal IRI, renal tubular cells rapidly lose their polarity and the cytoskeleton becomes grossly disrupted. However, in experimental renal IRI models, Hsps (and in particular Hsp70) play a pivotal role in restoring renal tubular cell cellular polarity and repairing essential proteins that are involved in stabilising cytoskeletal structures [reviewed in 10 ].
Anti-Inflammatory Effects
It is now recognised that inflammation is perhaps the most critical pathophysiological process involved in the propagation of renal IRI [2] . Hsp70 can limit pro-inflammatory NF-κB signalling in kidney IRI by either stabilising IκB, inhibiting NF-κB p65 translocation to the nucleus or marking pro-inflammatory Hsp90 client proteins for degradation [5] . Hsps may also exert potent anti-inflammatory effects. For example, in clinical trials in patients with chronic inflammatory diseases like arthritis, Hsp40 and Hsp60, peptides have been shown to modulate T cell responses by inhibiting division of CD4+ and CD8+ T cells and promote the production of anti-inflammatory cytokines including interleukin-10, interleukin-6 and transforming growth factor-β [11, 22, 23] . This suggests that Hsps may have an important role in preventing or arresting inflammation in renal IRI and thus protecting renal function. It also hints at distinct translational potential for this area of research.
Requirement in Autophagy
Autophagy is a catabolic process that degrades cytoplasmic components through the action of lysosomes. Autophagy is induced under stress and plays an adaptive role in cell survival. Upregulation of autophagy in renal tubular cells ameliorates both IRI and cisplatin-induced AKI [24] . Hsp70 is required for autophagy due to many forms of stress [25] . In an immune context, Hsp70 is also associated with autophagy, leading to a preferential uploading of Hsp70 peptides in MHC class II molecules of stressed cells. Tregs then target the conserved Hsp70 peptides that may then be presented in these conditions leading to the repression of inflammation [11] .
Anti-Apoptotic Effects
Ischaemic injury leads to both necrosis and apoptosis of renal tubular cells, which results in the release of damage-associated molecular pattern molecules and propagation of inflammation [26] . A stressed but not critically injured renal tubular cell may undergo apoptosis and cell death or alternatively the cell can survive and recover function. This is in contrast to lethally injured cells that inevitably succumb to apoptosis or necrosis and therefore cannot be salvaged. As a consequence, it is the outcome of these stressed but viable cells that would seem the most amenable to cytoprotective interventions [10] .
Hsps interact with important proteins involved in apoptotic pathways and this has crucial consequences for cell survival, proliferation and apoptosis following IRI [27] . For instance in renal IRI, Hsp70 limits apoptosis by controlling the activity of the kinases Akt and glycogen synthase kinase 3β that regulate the activity of the proapoptotic protein Bax [14] . As a result, renal epithelial cells might be rescued from apoptotic cell death following Hsp induction [10] . It is therefore of interest that cortical Hsp70 levels following renal IRI inversely correlate with apoptosis, tubular injury and renal dysfunction [14] .
Influence on the Phenotype of Mononuclear Phagocytes
Mononuclear phagocytes are pivotally involved at various stages of renal IRI and depending on the phenotype they exhibit and the time point following injury, they can be viewed as either injurious (M1 macrophages) or reparative (M2 macrophages). Hsps appear capable of promoting an anti-inflammatory phenotype in monocytes, which leads to release of anti-inflammatory cytokines such as interleukin-10 and suppression of harmful cytokines including interferon-γ [11] . Hsps may also influence macrophage phenotype with transcriptomic profiling during the differentiation and polarisation of human macrophages showing distinct patterns of Hsp expression. For example, upon activation to a M1 phenotype a significant upregulation of members of the Hsp70 family (HspA2 and HspA8) and Hsp90 family (Hsp90AA1) are observed, which suggests their influence over the effector stage of macrophage activation. While in M2 macrophages other members of the Hsp70 (HspA13), Hsp40 (DNAJB5) and Hsp27 (HspBAP1) families are significantly upregulated [28] .
In experimental renal IRI models, preconditioning with heat protects rat kidneys from ischaemic damage by inducing Hsp70 and suppressing NF-κB activation. Heat preconditioning also reduces chemokine (C-C motif) ligand 2 (CCL2) expression, which is necessary to attract monocytes to the site of injury [29] . Furthermore, Hsp70 induction by either geranylgeranylacetone or repetitive hypoxic preconditioning reduces macrophage infiltration, protects kidney function, attenuates tubular damage and reduces renal tubular cell apoptosis following renal IRI [30, 31] . The causality of Hsp70 in these observations has been asserted in subsequent investigations that showed reversal of this effect following the addition of the Hsp70 inhibitor, quercetin [30] . However, despite being widely known, quercetin is a non-specific inhibitor of Hsp70 and further investigation of Hsp70 in this context is needed [5] .
Induction of Regulatory T Cells
Tregs are a critical subtype of lymphocytes that display potent immunosuppressive effects and act to coordinate immunological responses. In renal IRI, infiltration of Tregs into the kidney has previously been shown to ameliorate injury and manipulation of Treg activity could represent a novel therapeutic approach for treating ischaemic AKI [18] .
Recently, it has been demonstrated that the protective effect of Hsp70 in renal IRI is Treg-dependent with the influence of Hsp70 on Treg behaviour possibly being driven through splenic CD11c+ dendritic cells [19, 20] . Kim et al. [19] used Treg depletion strategies to show that heat preconditioning induced Hsp70 and mediated protection of kidney function from renal IRI that was Tregdependent. Further experiments involving the administration of Hsp70 inhibitors and as well as adoptive transfer of T cells from heat-preconditioned Hsp70-/-mice suggested that Hsp70 was important for generating protective Tregs. In the latter experiments it was shown that following renal IRI, nude mice that previously exhibited reduced kidney injury had injury reconstituted by the adoptive transfer of T cells from wild-type mice. In contrast, the transfer of T cells from heat-preconditioned wild-type mice to nude mice did not reconstitute kidney injury. However, nude mice given T cells from heat-preconditioned Hsp70-/-mice exhibited partial reconstitution of kidney injury.
It has also been suggested elsewhere in other disease processes that Hsp70 is capable of inducing tolerogenic dendritic cells that can go on to stimulate protective Treg functions [11] . In fact, for certain chronic inflammatory conditions such as diabetes and arthritis, the concept of Hsps acting as immunological peptides and thus potential targets for T cell modulation as well as anti-inflammatory Treg responses has already been established in human studies [23] .
Negative Effects of Hsp70 Induction
In addition to potent anti-inflammatory effects, Hsp70 may potentially exert pro-inflammatory effects. A theory exists that Hsp70 located in the cytosol reduces inflammatory signalling, however Hsp70 released into extracellular compartments displays immune-stimulatory or 'chaperokine' properties that are similar to those exhibited by damage-associated molecular pattern molecules. The cellular compartment that Hsp70 resides in may be influenced by the extent of tissue injury and could be independent of pharmacological induction [5] . This area remains poorly understood and a recent review has highlighted the need for further studies aimed at more accurately characterising Hsp70 and its overall effect on the inflammatory equilibrium [11] .
Future Prospects for Translation to Patients

Preconditioning and Prevention of IRI
In the context of an impending ischaemic insult, the aim is to administer an agent capable of increasing the level of Hsp70 in the kidney prior to the onset of IRI. Reagents such as geranylgeranylacetone, glutamine, radicicol, geldanamycin and geldanamycin analogues have been used in this context but to date only in an experimental setting [reviewed in 5 ] . This would prime protective cellular mechanisms and prevent kidney damage from being inflicted. For instance, patients awaiting cardiac or vascular surgeries that are predicted to be at high risk of developing postoperative AKI may benefit from Hsp70 induction prior to surgery. High-risk patients (e.g. pre-existing CKD, diabetes, extensive vascular disease, etc.) awaiting toxic drug or radiological contrast exposure may also benefit from such preventative measures [10] . This type of preconditioning strategy clearly has much potential because it would allow prevention of IRI at the earliest stage. Despite this there may be difficulty deciding who should receive such treatments but the development of various predictive models of outcome following diverse interventions may well be able to stratify patients according to the risk of developing AKI in the future.
In transplantation, delivering an agent to the organ donor prior to organ procurement could also induce Hsp70 in the kidney and this could facilitate protection from the inevitable insult of IRI. In addition, prior to implantation it may be feasible to treat a kidney ex vivo with an Hsp70-inducing agent administered by machine perfusion [5] . However, this may only be applicable to normothermic perfusion strategies since the activity of certain pharmacological agents may be decreased at the lower temperatures used for hypothermic machine perfusion.
Enhancing Recovery following IRI
Despite evidence that Hsp70 induction can mediate renal protection after IRI [14] , current research in this area has focused almost exclusively on preconditioning and to a lesser extent on deploying protective Hsp expression strategies in the recovery from renal IRI. However, further investigation of recovery therapy might increase the capacity of these treatments to help patients that have already suffered ischaemic AKI in a native or transplanted kidney. Moreover, treatment of the transplant recipient may be more translationally feasible as there are ongoing ethical and logistical barriers to the pretreatment of donors.
It is anticipated that a greater emphasis on recovery phase therapy may evolve from further understanding of how Hsp70 induction may interact with specific inflammatory cell types in renal IRI. For instance, confirmation that Hsp70 induction influences circulating or infiltrating inflammatory cells either involved in the propagation or recovery from IRI would provide stronger evidence that treatment in the recovery stage could also be of benefit.
Following transplantation the recipient's circulation continues to carry infiltrating inflammatory cells to the kidney. These circulating inflammatory cells are possible treatment targets due to their ability to either sustain or resolve tissue inflammation [18] . Hsp70 induction may occur in immune cells remote from the kidney following heat shock and plays an important role in mediating protective Treg responses in renal IRI [19, 20] . Consequently, it is predicted that an Hsp70-inducing candidate drug could also modulate the immune activity of Tregs and other infiltrating inflammatory cells through a similar systemic effect. There is thus potential for using Hsp70-inducing treatments in recipients prior to transplantation or even after the kidney has been implanted.
However, these effects have not been unequivocally confirmed as yet and Hsp-inducing agents may still have their major impact on renal tubular cells or renal resident leukocytes. As such, Hsp70 induction within the kidney parenchyma itself would be of prime importance with circulating or infiltrating inflammatory cell populations not representing the key target. In this case, researchers will need to induce protective levels of Hsp70 within renal tubular cells or renal resident inflammatory cells at the earliest possible stage. The focus will therefore remain on preconditioning the kidney, which may slow translational progress in this field particularly in the context of transplantation.
Conclusions
The possibility of applying pharmacological agents to induce Hsp70 and prevent renal IRI has significant potential to benefit patients at high risk of AKI or undergoing renal transplantation. However, prior to converting these therapies into a clinical context, an increased mechanistic knowledge of the protection offered by Hsp70 is required. From a translational standpoint, an enhanced understanding of the inflammatory cell types involved could also broaden the scope of these therapies to wider group of patients.
